Aprataxin is a novel DNA repair protein whose dysfunction causes the neurodegenerative disease ataxia with oculomotor apraxia 1 (AOA1), 2 which is characterized by cerebellar atrophy and sensorimotor neuropathy (1-3). Cells derived from AOA1 patients are sensitive to DNA single strand break (SSB)-inducing agents such as hydrogen peroxide and methyl methanesulfonate (4 -6) and have been shown to accumulate SSBs after treatment with camptothecin and under conditions of oxidative stress (7, 8) .
Human APTX is 342 amino acids in length and contains three functional domains: an N-terminal forkhead-associated (FHA) domain, a central histidine triad (HIT) domain, and a C-terminal zinc finger (ZF) domain (see Fig. 1A ). The FHA domain mediates complex formation with XRCC1-DNA ligase III␣ by interaction with phosphorylated residues in XRCC1 (4 -6, 9), supporting a role for APTX in DNA single strand break repair. The FHA domain of APTX also interacts with phosphorylated XRCC4, however, thereby mediating complex formation with XRCC4-DNA ligase IV, suggestive of an additional role in double strand break repair (4) .
The actions of APTX are intimately linked to the mechanism by which DNA ligases promote break repair. Ligation occurs through a multistep process involving (i) the covalent binding of an adenylate (AMP) group to the active site lysine, (ii) transfer of the adenylate to the 5Ј-terminal phosphate group at the DNA break, and (iii) phosphodiester bond formation, which seals the DNA backbone and discharges the AMP moiety once again (10) . Recently, however, it has become apparent that 5Ј-DNA adenylates are not always resolved in the course of a ligation reaction. For example, it has been shown that human DNA ligase III␣ attempts futile ligation at "dirty" oxidative SSBs, which often have phosphates at both 3Ј and 5Ј termini, and aborts the reaction after adenylation of the DNA (11) . These dead-end adenylates appear to be the substrate for APTX as in vitro studies have shown that APTX can specifically remove 5Ј-adenylates, leading to the suggestion that APTX acts as a general proofreader for abortive DNA ligation reactions (3, 12, 13) .
This discovery of the DNA deadenylation reaction catalyzed by APTX provides a molecular rationale for AOA1 because abortive ligation events are inevitable in vivo given that oxidative damage causes many dirty breaks per cell each day. Normally these dead-end DNA adenylates would be resolved by APTX, but in AOA1 patients they may accumulate as a consequence of ATPX dysfunction, leading to impaired gene transcription and eventual cell death. The specific sensitivity of neuronal cells seen in AOA1 may be due to high levels of oxidative stress coupled with their postmitotic status, which might not permit alternative (replication-dependent) options for the removal and repair of DNA adenylates (3, 14) .
APTX is a member of the HIT superfamily of proteins, which takes its name from the active site HHH histidine triad sequence motif (where is a hydrophobic residue) (15) . HIT proteins catalyze nucleotide transfer from a number of specific substrates to water (hydrolase activity) or a second substrate (transferase activity) (16) , and it is the HIT domain that gives APTX the capacity to deadenylate DNA (11) .
In this study, we addressed the mechanism by which APTX interacts with DNA and resolves DNA adenylates. Significantly APTX is the only HIT superfamily member to act on DNA, and we provide evidence that the specificity for DNA adenylates is reflected in its HIT-ZF domain structure, which we propose is a defining and conserved feature of Aprataxin orthologs. We show that APTX possesses nick sensor activity, which is ideally suited to locate and repair 5Ј-DNA adenylates. The DNA deadenylation reaction involves two-step chemistry that proceeds through transient formation of a covalent AMP-enzyme intermediate.
EXPERIMENTAL PROCEDURES
Extracts and Proteins-Human APTX cDNA was PCR-amplified from a HeLa cDNA library (Invitrogen) and cloned into pET41 using the SpeI and BamHI restriction sites. This plasmid expressed recombinant APTX fused to an N-terminal glutathione S-transferase tag and a C-terminal His 8 tag. The QuikChange II site-directed mutagenesis kit (Stratagene) was used to create mutant versions of APTX. Arabidopsis thaliana total RNA was kindly provided by Dr. Charles White. cDNA corresponding to a transcript starting at nucleotide 1146 to the end of APTX (AT5G01310) was cloned into pET41a using the NcoI and BamHI restriction sites. The resulting protein, containing glutathione S-transferase/His 6 tags at the N terminus, was expressed in Escherichia coli. The tags used here have been shown previously not to interfere with APTX activity (11, 12) and were used to purify all recombinant APTXs to near homogeneity as described previously (12) .
Extracts from human lymphoblastoid cells, chicken DT40 cells, and yeast were prepared as described previously (11), Caenorhabditis elegans extracts were a gift from Dr. Spencer Collis (17) , and E. coli extracts were prepared by sonication of cells in a buffer containing 50 mM Tris-HCl, pH 8.0, 40 mM NaCl, 5 mM EDTA, 1 mM dithiothreitol, 100 g/ml bovine serum albumin, and 5% glycerol followed by centrifugation to remove cell debris.
DNA Substrates-Synthetic DNA substrates were assembled from the following oligonucleotides: 1, 5Ј-ATTCCGATAGTG-ACTACA-3Ј; 2, 5Ј-CATATCCGTGTCGCCCT-3ЈP; 3, 5Ј-TGT-AGTCACTATCGGAATGAGGGCGACACGGATATG-3Ј; 4, 5Ј-CATATCCGTGTCGCCCTCATTCCGATAGTGACT-ACA-3Ј; 1T, 5Ј-AGATTATCTTCGAGCTAC-3Ј; and 3T, 5Ј-GTAGCTCGAAGATAATCTGAGGGCGACACGGAT-ATG-3Ј. All oligonucleotides were purchased from Sigma and purified by denaturing PAGE. Oligonucleotides were 5Ј-32 Plabeled using T4 polynucleotide kinase (New England Biolabs) and [␥-32 P]ATP (GE Healthcare), and 5Ј-phosphorylation was brought to completion by addition of excess cold ATP. SSB substrates (2 M) were adenylated by abortive ligation with 400 units of T4 DNA ligase (New England Biolabs) in a buffer containing 50 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , 10 mM dithiothreitol, and 2 mM ATP for 12 h. The adenylated strand (oligo 1) was purified by 15% denaturing PAGE and reannealed with oligos 2 and 3 to form adenylated SSB substrates (11) . The duplex substrate comprised oligo 3 with its complement (oligo 4). Neutral PAGE was used to purify all annealed DNA substrates before use. For the permanganate experiments, oligo 2 was annealed with oligos 1T and 3T.
Adenylated X174 DNA was prepared as described previously (11) . In brief, 95 nM X174 replicative form I DNA (New England Biolabs) was treated with 10 M H 2 O 2 , 0.1 mM FeCl 3 , 0.2 mM EDTA, 100 mM NaCl, and 1 mM NADH for 30 min at room temperature. Resulting oxidative DNA breaks were adenylated with [␣-32 P]ATP (GE Healthcare) by abortive ligation using T4 DNA ligase.
DNA Deadenylation Reactions-Synthetic SSB substrates (25 nM) and adenylated X174 replication form I DNA (6 nM) were used in 10-l reactions containing protein extract or recombinant APTX as indicated. Unless stated otherwise, incubation was for 1 min at 37°C in 50 mM Tris-HCl, pH 8.0, 40 mM NaCl, 5 mM EDTA, 1 mM dithiothreitol, 100 g/ml bovine serum albumin, and 5% glycerol. Reactions were scaled up for time course experiments. The deadenylation of synthetic SSB substrates was stopped by addition of formamide loading buffer and incubation at 95°C for 3 min. Products were analyzed by 12% denaturing PAGE followed by autoradiography. Deadenylation reactions containing the X174 DNA were stopped by addition of SDS (2% final concentration) and analyzed by 0.6% agarose gel electrophoresis or 10% SDS-PAGE followed by autoradiography. Data were quantified using a Storm 840 phosphorimaging system (GE Healthcare).
DNase I Footprinting-Reactions (5 l) contained the DNA substrate (25 nM) in DNase I buffer (10 mM Tris-HCl, pH 7.6, 2.5 mM MgCl 2 , and 0.5 mM CaCl 2 ). After 15 min of incubation at 25°C, 0.1 unit of DNase I (New England Biolabs) was added. DNase I digestion was stopped after 1 min by addition of formamide loading buffer and incubation at 95°C for 3 min. Reaction products were analyzed by 12% denaturing PAGE followed by autoradiography.
Chemical Cleavage of DNA-Reactions (10 l) contained 25 nM DNA substrate, 50 mM Tris-HCl, pH 8.0, 30 mM NaCl, 5 mM EDTA, 1 mM dithiothreitol, 100 g/ml bovine serum albumin, 5% glycerol, and APTX as indicated. After preincubation for 20 min at 25°C, KMnO 4 was added to a final concentration of 5 mM. After 2 min ␤-mercaptoethanol was added to a final concentration of 1 M. After ethanol precipitation in the presence of 1 mg/ml glycogen, the DNA was resuspended in 1 M piperidine and incubated at 95°C for 30 min. After ethanol precipitation, the DNA was resuspended in formamide loading buffer and analyzed by 12% denaturing PAGE followed by autoradiography.
RESULTS

Molecular Architecture and Evolutionary Conservation of
Aprataxin-Human APTX features a tripartite FHA-HIT-ZF domain structure (11, 12) . To determine whether the co-occurrence of a ZF with a HIT domain might indicate authentic Aprataxins, we performed data base searches to identify potential orthologs in virtually all sequenced eukaryotic genomes (Fig. 1A) . One exception was found in C. elegans where, despite the presence of several HIT superfamily proteins, we were unable to detect the presence of a ZF in any of these proteins. HIT-ZF domain proteins were also absent from prokaryotes. When cell-free extracts prepared from a variety of organisms were incubated with a synthetic 5Ј-adenylated nicked DNA substrate with a one-nucleotide gap and phosphates at both the 3Ј and the 5Ј termini ( Fig. 1B ; this substrate mimics the product of an abortive ligation event that would occur at an SSB induced by oxidative DNA damage), we observed a perfect correlation between our HIT-ZF predictions and DNA deadenylation activity (Fig. 1C) .
The HIT-ZF domain proteins identified in plants are characterized by a more elaborate domain structure including a number of additional modules (Fig. 1A) . To determine whether these are true Aprataxins, we cloned recombinant A. thaliana basic helix-loop-helix family protein AT5G01310.1 and tested its ability to catalyze DNA deadenylation. The recombinant protein spanned the macro-, HIT, and ZF domains of the protein and was proficient for DNA deadenylation in the presence or absence of Mg 2ϩ ions, indicative of true APTX-like metalindependent DNA deadenylation activity (Fig. 1D , lanes 2 and 3) (11) . Taken together, these data show that APTX is functionally conserved in animals, fungi, and plants but not in prokaryotes and establish the combination of a HIT domain and a ZF domain as the structural hallmark of the Aprataxins.
Nick Sensor Activity of Aprataxin-Previous studies have shown that APTX binds linear double-stranded DNA and nicked DNA substrates with similar affinity and that adenylated DNA is bound more avidly than non-adenylated substrates (12, 18) . To define these interactions in more detail, we used DNase I protection assays to analyze complexes formed between APTX and DNA substrates containing 5Ј-adenylated nicks. To inhibit adenylate removal, it was necessary to use human APTX carrying the inactivating mutation H260A. Previous studies have shown that recombinant APTX
H260A
, with an N-terminal glutathione S-transferase tag and a C-terminal His 8 tag, exhibits wild-type substrate binding properties (12) . APTX H260A was incubated with the adenylated SSB substrate ( Fig. 2A ; this contains a one-nucleotide gap and is composed of three oligonucleotides: an 18-mer with a 5Ј-adenylate (oligo 1), a 17-mer with a 3Ј-phosphate terminus at the 5Ј-side of the nick (oligo 2), and a continuous 36-mer (oligo 3)), and the resulting complexes were probed using DNase I. In the presence of APTX, regions of protection were observed over ϳ12 nucleotides of oligo 1 and 14 nucleotides of oligo 3. In contrast, no significant changes were observed with oligo 2, indicating that Aprataxin binds asymmetrically to the DNA almost exclusively at the 3Ј-side of the adenylate ( Fig. 2A and indicated schematically in Fig. 2B ).
When similar experiments were carried out with non-adenylated nicked DNA, we were surprised to find very similar protection patterns (Fig. 2 , C and D) as again strong protection patterns were observed at the 3Ј-side of the nick. To ensure it was the nick that determined the specific positioning of APTX, we next analyzed complexes formed between APTX H260A and linear duplex DNA of the same length. In this case, we failed to see a clear protection pattern and instead observed weak protection over the entire DNA duplex ( Fig. 2E ; note that the apparent protection at the 5Ј terminus of oligos 3 and 4 was due to the inhibition of multiple cleavage events in the presence of APTX). The nick sensor activity of APTX was disrupted when the ZF domain was inactivated by mutation of the critical zinc-coordinating residues Cys-319 and Cys-322 as the APTX H260A/C319A/C322A mutant protein failed to protect either adenylated or non-adenylated SSB substrates from DNase I digestion (data not shown).
APTX Disrupts Watson-Crick Base Pairing at DNA Adenylates-Reasoning that to sample for and/or bind a 5Ј-AMP moiety, APTX might need to separate the Watson and Crick strands, we next determined whether the interaction of Aprataxin with 5Ј-adenylates results in base pair disruption. To do this, the formation of unpaired thymines close to the adenylate was monitored using potassium permanganate (KMnO 4 ) as a specific probe. To enable these analyses, we incorporated thymine residues directly adjacent to the nick (T1) and at positions three (T2) and six (T3) nucleotides downstream of the nick on the continuous strand of the SSB substrate (oligo 3T), which was annealed with oligonucleotides 1T and 2 (Fig. 3B) .
Preliminary experiments using oligo 3T annealed with oligo 2 only (single-stranded/tailed duplex DNA) confirmed that thymine residues T1-T3 were readily accessible to the chemical probe when they were unpaired (Fig. 3A, lane 2) . When oligo 3T was present in a non-adenylated SSB substrate, we observed that T1 remained sensitive to chemical cleavage in the absence of APTX, whereas all other thymine residues were protected (lane 5). These results indicate that the chemical probe retains access to the base adjacent to the nick possibly as a result of DNA breathing. In the presence of APTX H260A (lane 5) or wild- type APTX (lane 6), the degree of sensitivity at T1 was unchanged, and we did not find induced sensitivity at other thymine residues. These results show that although APTX binds the 3Ј-side of the nick (Fig. 2) binding per se does not lead to separation of the Watson and Crick strands (Fig. 3B, panel i) .
Parallel experiments were carried out with adenylated SSB substrates. Without APTX, we found that T1 was relatively insensitive to chemical cleavage (Fig. 3A, lane 8 , and indicated schematically in Fig. 3B, panel ii) , but the presence of APTX H260A resulted in a significant hypersensitivity of residue T1 to chemical attack (lane 9). In contrast, wild-type APTX failed to induce such a level of hypersensitivity as expected because the active protein will remove the adenylate under these reaction conditions (lane 10).
These results show that the stable binding of APTX to its target lesion results in measurable base disruption to the nucleotide pair directly flanking the adenylated 5Ј-terminus of the nick (Fig. 3B, panel iii) . No sensitivity was induced at T2 or T3, demonstrating that strand separation is limited to the immediate proximity of the adenylated base pair. These results demonstrate that the interaction of APTX with the DNA adenylate induces structural changes in the DNA that are a likely prerequisite for DNA deadenylation.
A Covalent AMP-Enzyme Intermediate-Previously it was shown that DNA deadenylation by APTX results in the release of free AMP (11) , but the mechanism of adenylate hydrolysis remains unknown. The HIT hydrolases generally catalyze a two-step reaction, which includes (i) nucleotide transfer to the active site of the enzyme and (ii) hydrolysis of the resulting nucleotidylated enzyme intermediate (19) . To probe for a covalent AMP-APTX intermediate, we incubated APTX with plasmid DNA that contained 32 P-labeled adenylates (Fig. 4A) . This substrate was produced by treating plasmid DNA with hydrogen peroxide to produce dirty breaks and subsequent treatment of the damaged plasmid with DNA ligase in the presence of [␣-32 P]ATP (Fig. 4A ) (11) . As expected, incubation with APTX resulted in rapid deadenylation of the DNA such that all radioactive label was lost (Fig. 4B, compare lanes 1 and 2) . However, when aliquots of the deadenylation reaction were taken 0, 10, 20, 30, and 60 s after initiation of the reaction, and the products were resolved by SDS-PAGE, we observed the formation of a discrete 32 P-labeled product that comigrated with recombinant APTX (Fig. 4C, lane 2) . The formation of 32 P-labeled APTX was even more apparent when reactions were carried out on ice (lane 6). These results demonstrate that DNA deadenylation proceeds through a short lived covalent AMP-APTX intermediate.
Catalytic Role of Four Conserved Histidine Residues-Next we assessed the significance of a conserved network of active site hydrogen-bonding interactions for the DNA deadenylation reaction. Structural analysis of the HIT hydrolases HINT and fragile histidine triad protein has pinpointed two histidine residues within the histidine triad that make direct contacts with the ␣-phosphate of the nucleotide ligand (19 -22) . These residues are stabilized by two further histidine residues, one situated within the histidine triad and one positioned upstream in the primary sequence. By analogy, we predict that APTX His-260 contacts the ␣-phosphate of the adenylate group with its N⑀ atom and is stabilized by a hydrogen bond between the N␦ atom and the carbonyl oxygen atom of His-258, whereas His-262 contacts the ␣-phosphate and is stabilized by a hydrogen bond between its N␦ atom and the N⑀ atom of the upstream residue His-201 (Fig. 5A) .
To test this model, we generated recombinant APTX H201A , APTX
H258A
, and APTX H262A mutant proteins and compared their activities with APTX H260A and the wild-type protein. First the activity of each protein was determined using the oligonucleotide-based adenylated SSB substrate (Fig. 5B) . We observed substantial residual activity for APTX H258A (lane 4), weak activity for APTX H201A and APTX H262A (lanes 3 and 6), and no detectable activity with APTX H260A (lane 5). Similar catalytic activities were observed when we measured the loss of radiola- bel from plasmid DNA that was adenylated with [ 32 P]AMP (Fig.  5C) . Interestingly when the products of the [ 32 P]AMP plasmid reactions were analyzed by SDS-PAGE after 5 min, we observed a long lived covalent AMP-enzyme intermediate with APTX H258A indicative of impaired enzyme-adenylate hydrolysis (Fig. 5D, lane 3) .
The last position of the histidine triad is not occupied by a histidine but by a glutamine residue in the HIT nucleotide transferases (e.g. galactose-1-phosphate uridylyltransferase) (Fig. 5E ). They also differ from the HIT nucleotide hydrolases by reacting with a second substrate rather than with water to resolve the nucleotidylated enzyme intermediate. To determine the effect of a glutamine residue at position 262 in APTX, we generated mutant APTX H262Q . In contrast to APTX H262A , this mutant showed significant residual DNA deadenylation activity without the need for a second substrate (Fig. 5F ).
Given that mutation of the four conserved histidine residues, His-201, His-258, His-260, and His-262, differentially affect the DNA deadenylation activity of APTX and that the H258A mutant exhibits a specific defect in the second reaction step, those mutants that retained substantial residual activity were examined more closely. We found that wild-type APTX deadenylated over 90% of the DNA substrate within the first 10 s of the reaction (Fig. 5G) . In contrast, mutant APTX H262Q was defective in step 1 (90% DNA deadenylation was achieved only after 5 min of incubation), and yet the rate of release of the AMP from the AMP-APTX H262Q was not significantly affected. With APTX H258A , DNA deadenylation was only slightly slowed with 86% deadenylation taking place within 10 s. At the same time point, 30% of the 32 P-labeled AMP was covalently linked to the protein compared with just 3% with the wild-type protein.
Taken together, the results presented in Fig. 5 underline the importance of the hydrogen-bonding network that the four conserved histidines form among each other and with the substrate in HIT hydrolases. Consistent with the biochemical results, AOA1-related point mutations are found almost exclusively in the vicinity of the active site and particularly around the histidine triad and histidine residue 201 (Fig. 5A, panel ii) (3, 23) .
DISCUSSION
When APTX was discovered to be the causative gene of the neurodegenerative disease AOA1, a connection to DNA break repair was immediately obvious given the similarity between the FHA domain of APTX and that of 5Ј-polynucleotide kinase 3Ј-phosphatase (2). Subsequently it was established that APTX utilizes this FHA domain to associate with XRCC1-DNA ligase III␣ and with XRCC4-DNA ligase IV, the end-joining complexes involved in single strand break repair and double strand break repair, respectively (4 -6, 9). The specific role of APTX in DNA repair became apparent when the DNA deadenylation activity was detected, and it has been proposed that APTX acts as a proofreader for abortive ligation events that occur at sites of oxidative DNA damage (3, 11) .
In the present work, we have shown that a HIT domain coupled to a DNA binding ZF domain effectively provides a structural definition of the Aprataxins. Based on this structural definition and the demonstration of APTX activity in a variety of cell-free extracts from organisms containing HIT-ZF proteins, it appears that most eukaryotes encode Aprataxins. We also found that APTX is functionally conserved in plants where the protein has a more elaborate domain structure. The presence of a macro-and a kinase domain in plant APTX is intriguing: macrodomains are high affinity ADP-ribose/poly(ADP-ribose) binding modules (24), and ADP-ribose is an important signal- ing molecule in DNA repair (25) . Thus, it is tempting to speculate that the macrodomain could be used to recruit plant APTX to sites of DNA damage flagged with poly(ADP-ribose) synthesized by poly(ADP-ribose) polymerase. Such a mechanism would be analogous to the recruitment of vertebrate APTX through the interaction of its FHA domain with phosphorylated XRCC1, which itself is recruited to poly(ADP-ribosyl)ated poly(ADP-ribose) polymerase at sites of DNA damage (26) . The presence of a potential kinase domain implicates plant APTX as a multifunctional DNA break repair protein. It is also noteworthy that one of the two APTX orthologs found in the fungus Chaetomium globosum contains a D-isomer-specific 2-hydroxyacid dehydrogenase domain with an embedded NAD binding site (27) . Reminiscent of the situation in plants, this domain may allow cross-talk between APTX and poly(ADPribose) polymerase, which consumes cellular NAD when synthesizing poly(ADP-ribose).
Taken together, these results suggest that the HIT-ZF domain core of APTX is uniquely tailored for DNA deadenylation. However, although the two domains in combination are required and sufficient for efficient DNA deadenylation, additional modules such as the FHA domain and possibly ADPribose/poly(ADP-ribose) binding modules coordinate the function of APTX in DNA repair with other repair factors.
Our analyses of the complexes formed between APTX and adenylated and non-adenylated SSB substrate revealed almost identical DNase I footprints, leading us to suggest that APTX alone can act as a nick sensor without the need for specific targeting by XRCC1-DNA ligase III␣. This result is supported by the fact that mutations in the FHA domain of APTX have not been found in patients with the neurological disease AOA1 (23) . Remarkably the APTX footprints are quite asymmetric with regard to the nick as they are found almost exclusively at the 3Ј-side of the strand break. The location of APTX to one side of the break site may be important for the interplay between APTX and the XRCC1-DNA ligase III␣ complex, and in this regard it is possible that the primary role of the FHA domain of APTX relates to the tight assembly of the APTX-XRCC1-DNA ligase III␣ complex at the strand break rather than specific targeting.
Consistent with our proposal that APTX acts as a nick sensor and thereby can continually sample SSBs for the presence of dead-end adenylates, it is important to note that the APTXs of insects, fungi, and protozoa lack an FHA domain and therefore may function as a stand-alone enzymatic activity. The nick sensor activity of APTX may also be important to allow it to compete with DNA ligase III␣, which has nick sensor activity of its own (28, 29) . The recently proposed "jackknife model" for DNA ligase III action supposes that the ligase initially binds SSBs in an open conformation to allow access to the nick by other repair enzymes before closing over the SSB like the blade of a jackknife to fully encircle the DNA (30) . If abortive ligation occurs, the DNA ligase must relax its tight grip and allow APTX access to the DNA adenylate. One possibility is that the ability of APTX to specifically recognize nicks allows competitive binding interactions that help reset the ligase into the open DNA binding conformation. This may also facilitate access of other repair enzymes, which is likely to be required given that dead-end adenylates arise at SSBs with unconventional termini.
Although the DNase I protection patterns observed with adenylated and non-adenylated nicked DNA were almost identical, one distinct difference was observed when similar complexes were probed with permanganate ions that specifically attack unpaired thymines. We found that the binding of APTX to adenylated nicks resulted in the disruption of base pairing at the nucleotide pair directly flanking the adenylated 5Ј terminus. Base pair disruption was dependent on the presence of the adenylate and appears to be a consequence of the AMP moiety being accepted into the HIT domain active site. In support of this conclusion, base pair disruption was abrogated, but not completely lost, when similar experiments were carried out using the ZF finger mutant APTX H260A/C319A/C322A (data not shown). The opening of the adenylated base pair may be necessary to avoid steric hindrance between the protein and the DNA and to expose the scissile pyrophosphate bond to the specific amino acid groups involved in its coordination and cleavage. Strand separation was not observed to extend away from the nick, indicating that sufficient flexibility at the 5Ј terminus is achieved by breaking only the base pair that carries the adenylate group. We found that DNA adenylate hydrolysis by APTX involves two-step catalysis that takes place via the transient formation of an AMP-APTX covalent intermediate (Fig. 6) . First APTX attacks the DNA adenylate to break the phosphodiester bond between the AMP and the DNA leaving group (step 1). During this step, APTX restores the DNA 5Ј-phosphate terminus by transferring the AMP group onto itself. Second the resulting AMP-APTX intermediate is resolved by hydrolysis of the phosphohistidine bond to release AMP and restore catalytically active enzyme. Thus, APTX catalyzes AMP removal using canonical HIT superfamily reaction chemistry (19) and is the first example of a DNA repair protein making use of twostep catalysis involving a covalent intermediate with the excised lesion. The mode of action is somewhat reminiscent of the way in which alkylated DNA is repaired by suicide enzymes such as E. coli O 6 -methylguanine transferase, which transfers a methyl group to an active site cysteine (31) . However, O 6 -methylguanine transferase gets inactivated in the process, whereas APTX is regenerated by hydrolysis of the AMP-APTX intermediate.
Our studies show that histidine residues His-258, His-260, His-262, and His-201 play important roles in the reaction chemistry similar to that of other HIT superfamily members (19, 22, 32, 33 Step 1, APTX breaks the phosphodiester bond between the AMP and the DNA 5Ј-phosphate. The AMP group becomes covalently linked to His-260 at the central position of the histidine triad that acts as a nucleophile. His-260 is stabilized by hydrogen bonding with His-258.
Step 2, APTX activates water to hydrolyze the phosphohistidine bond to release AMP and regenerate the enzyme. A schematic contour of the DNA is indicated, whereas the ␣-and ␤-phosphates of the adenylate are depicted fully. diate vicinity (see Fig. 5A, panel ii) , indicating the crucial catalytic role played by this residue. His-262 occupies the last position in the histidine triad, and in other HIT members, this residue has been considered to be the possible acid/base catalyst for the protonation of the leaving group in reaction step 1 and the activation of water in reaction step 2 (16, 20) . Our finding that APTX H262A is strongly impaired for DNA deadenylation concurs with this notion, but the fact that activity is substantially restored by a glutamine at position 262 argues against it. Indeed APTX H262Q proved to be impaired in step 1 of the DNA deadenylation reaction, whereas hydrolysis of the phosphohistidine bond was not affected. This indicates that His-262 is important for substrate recognition and suggests that a glutamine may partially substitute for histidine at this position by enabling a bifurcated interaction between its side-chain NH 2 and the adenylate similar to the interaction between Gln-168 of galactose-1-phosphate uridylyltransferase and its substrate (34) .
Complete loss of activity for APTX H260A confirms His-260 as the nucleophile in reaction step 1. By analogy to HINT and fragile histidine triad protein, His-260 is properly orientated and activated for nucleophilic attack by its interaction with His-258 (20) . However, His-258 interacts with His-260 at its carbonyl oxygen atom, and it is therefore not surprising that APTX H258A retains substantial DNA deadenylation activity. Indeed the first position of the histidine triad, which is occupied by His-258, is not strictly conserved in APTX orthologs. For example, plant APTX contains a QHH triad motif, whereas insects feature an RHH sequence, and because we have shown that Arabidopsis APTX is competent for DNA deadenylation, these do not appear to be inactivating variations.
In summary, our results on the mechanism of DNA deadenylation by APTX confirm the biochemical uniformity of the HIT superfamily. Despite the similarities, however, APTX is unique in its specificity for DNA substrates, which is afforded by a unique combination of the HIT domain with a DNA binding ZF domain. The ZF domain endows APTX with nick sensor activity, which allows the enzyme to detect SSBs to sample for DNA adenylates. The use of HIT-type reaction chemistry seems ideally suited to resolve DNA adenylates as it allows the protein to act as an acceptor for the offending AMP group and repair the DNA lesion by direct reversal.
